This study investigates nitrate contamination of a deep municipal drinking water production well in Ripon, CA to demonstrate the utility of natural groundwater tracers in constraining the sources and transport of nitrate to deep aquifers in the Central Valley. The goal of the study was to investigate the origin (source) of elevated nitrate and the potential for the deep aquifer to attenuate anthropogenic nitrate. The site is ideal for such an investigation. The production well is screened from 165-325 feet below ground surface and a number of nearby shallow and deep monitoring wells were available for sampling. Furthermore, potential sources of nitrate contamination to the well had been identified, including a fertilizer supply plant located approximately 1000 feet to the east and local almond groves. A variety of natural isotopic and dissolved gas tracers including 3 H-3 He groundwater age and the isotopic composition of nitrate are applied to identify nitrate sources and to characterize nitrate transport. An advanced method for sampling production wells is employed to help identify contaminant contributions from specific screen intervals.
Introduction
Water purveyors in California's Central Valley are relying more on deeper sources of groundwater in order to meet demand. Deep groundwater (below major confining units; or >150-200 ft bgs) typically contains lower concentrations of nitrate and other contaminants than shallow groundwater. Anthropogenic compounds, however, are being detected at greater depths in many groundwater basins. The fate of these compounds will depend on geochemical processes occurring in the deep aquifers. In this study, a deep production well that has been impacted by elevated levels of nitrate is characterized using isotopic and noble gas tracers of age and nitrate source. The goal of the study is to determine the origin of the elevated nitrate, and to determine the potential for the deep aquifer to attenuate near surface contaminants.
Study Site
A municipal drinking water production well, an industrial production well, and eight monitoring wells near the city of Ripon, California ( Figure 1 ) were sampled in 2008 (sample dates and well information listed in Table 1 ) to investigate nitrate sources and transport in a drinking water aquifer. The study site is located in San Joaquin County just north of the lower Stanislaus River. With respect to groundwater, the site is in the Eastern San Joaquin Groundwater subbasin (DWR 5.22 .01) within the San Joaquin River Valley Basin (DWR 5.22) , which is a part of the San Joaquin River Hydrologic Region (California Department of Water Resources, 2003) . The October multi-level sampling of Ripon City Well 12 used a technology that allows collection of samples at discrete depth intervals during normal pumping of a high capacity drinking water well. A vertical profile of dynamic flow contribution was also obtained, using an inert dye tracer that was injected and monitored at various depths. The method was developed by the USGS and has been licensed by BESST, Inc.
(http://www.besstinc.com/dye_tracer.html). The combination of flow profiling and multi-level sampling provides information that can reveal the percent contribution to total flow at various depths, the vertical pattern in hydraulic properties of aquifers, and the intervals over which contaminants and poor quality water enter the well (Gossell et al., 1999; Izbicki et al., 1999; Izbicki et al., 2005; Landon et al., 2009; Tsang et al., 1990) .
The goal of the depth-discrete sampling at Well 12 was to examine the vertical profiles of nitrate and related constituents and to potentially identify a zone or zones where groundwater with high nitrate enters the well. Because of the large capture zone and large volume of water produced by long-screened high capacity wells, contaminants that enter the well over a discrete hydrostratigraphic interval may be strongly diluted by water drawn in over all intervals and from all directions, making it difficult to determine the nature of the contaminant source.
As implemented by personnel from BESST, Inc., a small diameter gas displacement pump is threaded along the well casing while pumping continues. In the case of Well 12, the main pump is set near the top of the uppermost screened interval so flow in the borehole is upward at all open intervals. A sample is collected from the top of the deepest screened interval (306'-326'), then the small diameter pump is raised and a sample is collected from the second deepest interval, and so on. Average incremental concentrations over each interval are determined from cumulative concentrations and flow rates for each interval by assuming simple, conservative mixing in the borehole. A linear mixing relationship is applied between vertically-paired, consecutive samples from the borehole to get incremental concentrations at four discrete intervals (165-195, 220-240, 268-288, and 306'-326') .
SAMPLE ANALYSIS
LLNL analyzed samples for stable isotopic composition of O and H in water, stable isotopic composition of N and O isotopes in nitrate, excess N 2 , C isotopes in DIC, tritium and noble gases using methods describe in the "References for Analytical Methods Used in This Study" section at the end of this report. Data for all analyses are provided in Tables 1-4 .
Results and Discussion

LACK OF EVIDENCE FOR DENITRIFICATION
Groundwaters characterized in this study have measureable nitrate, high oxidation-reduction potentials (ORPs), and moderate dissolved oxygen (DO) concentrations (Table 1) . Nitrate is stable in oxic groundwaters such as these; denitrification generally requires much more reducing conditions. A number of samples from this study, nevertheless, had high dissolved N 2 /Ar ratios (Table 4 ; 9 samples with N 2 /Ar > 45), which would normally indicate excess dissolved nitrogen gas as a result of saturated zone denitrification. However, the high N 2 /Ar ratios observed here are negatively correlated with Ar concentrations (Figure 2 ), which is consistent with gas loss rather than denitrification. When dissolved gases encounter bubbles in the water, Ar partitions into the gas phase preferentially over N 2 , resulting in high N 2 /Ar ratios and low Ar concentrations. Such degassing can take place during sampling, and we suspect that preferential argon loss did take place during inertial pumping of the monitoring wells and depth-specific sampling of the production well.
The nitrate isotopic composition data also do not support denitrification. Denitrification along a flow path generally produces a 2:1 correlation between δ 15 N-NO 3 and δ 18 O-NO 3 , and an inverse correlation between "residual" nitrate and enrichment in both δ Neither pattern is observed in this dataset ( Figure 3 , Table 2 ), consistent with a lack of significant saturated zone denitrification. 
NITRATE SOURCES -STABLE ISOTOPES OF NITRATE
Stable isotope composition data for nitrogen and oxygen in nitrate are tabulated in Table 2 and Figures 3 and 4. On Figure 3 , the groundwater nitrate isotopic compositions are plotted against nitrate source fields based on literature data (Kendall, 1998) for sources where nitrification of ammonium is an important process in the production of nitrate. These sources may include nitrate produced in the soil zone, nitrate from nitrification of ammonium fertilizers, and nitrate from ammonium wastes such as septic systems or manure. Sources of manufactured nitrate, including fertilizers, contain oxygen derived solely from the atmosphere, and are therefore readily distinguished from the other nitrified sources such as plant-derived N or animal waste. However, mixed sources such as ammonium-nitrate fertilizers will have δ 18 O-NO 3 values that fall between atmospheric oxygen and locally nitrified sources since the ammonium component is converted to nitrate in the presence of local water.
The ranges of δ 18 O-NO 3 for nitrified sources shown in Figure 3 and Figure 4 were calculated based on the measured δ 18 O-H 2 O values at Ripon wells. The range was calculated assuming a 2:1 ratio of local water and atmospheric oxygen is imparted to the nitrate during nitrification. The isotopic composition of nitrogen and oxygen in nitrate from the Ripon field study area is divided into three groups: wells within the RFS plant, City Well 12, and monitoring wells. Nitrate from wells within the RFS plant has δ 15 N-NO 3 values of 3.5 to 9.6 ‰, and δ 18 O-NO 3 values of 7.3 to 15.7 ‰. Except for the sample of CRW-3 (N: 9.6‰, O: 7.3‰), these values fall within the range expected for nitrate derived from synthetic ammonium nitrate fertilizers. Well CRW-3 has a high δ 18 O-NO 3 value consistent with an ammonium nitrate source, but has a slightly higher δ 15 N-NO 3 value, which may be due to mixing with other sources of nitrate. All of the wells sampled within the RFS plant have δ 18 O-NO 3 values that are above the range expected for likely sources of natural nitrate.
Samples from City Well 12 have δ 15 N-NO 3 values of 3.7 to 7.1 ‰ and δ 18 O-NO 3 values from 2.1 to 7.0 ‰. Composite samples collected from a wellhead sample port on City Well 12 fall within the range of isotopic compositions expected for nitrate formed in the soil or from nitrate derived from septic systems or manure. Three samples that were collected at depth-specific intervals (220-240', 268-288', and 306-326') in City Well 12 had δ 18 O-NO 3 values that are higher than would be expected without the addition of synthetic nitrate, such as ammonium nitrate fertilizer. The shallowest sample collected from City Well 12 (165-195') had an isotopic composition similar to composite samples from the well.
The enriched δ
18 O-NO 3 values for nitrate observed in wells within the RFS plant and the three lower intervals of Well 12 are indicative of an inorganic fertilizer as a nitrate source. Such δ 18 O-NO 3 values are infrequently observed in groundwater, even though inorganic fertilizer nitrate is a major, widespread source of nitrate to groundwater. The ammonium nitrate fertilizer source signature may be preserved at the Ripon site because the nitrate was not taken up by plants or re-mineralized in the soil zone, but rather passed directly from the source to the saturated zone (Mengis et al., 2001) . Monitoring wells located near City Well 12 (CRW-1 and CRW-1D) and just outside of the RFS plant (CRW-2 and CRW-2D) have δ 15 N-NO 3 values of 6.1 to 8.0 ‰ and δ 18 O-NO 3 values from -1.0 to 3.7 ‰. All of these wells are within the range of isotopic compositions expected for nitrate formed in the soil or from nitrate derived from septic systems or manure. The low δ 18 O-NO 3 value of CRW-1 likely reflects nitrification in the presence of the low δ 18 O-H 2 O water from the Stanislaus River and its associated irrigation canals. As a group, these samples are a likely end member for the isotopic composition of background nitrate. 
WATER SOURCE -STABLE ISOTOPES OF WATER
The influence of low δ 18 O-H 2 O imported water from the Stanislaus River on the local aquifer is evident from the oxygen isotope data for water (Table 2, Figure 5 ). Groundwater recharged from local precipitation is likely to have δ 18 O-H 2 O values around -8 ‰. The Stanislaus River, which drains from the Sierra Nevada Mountains, has δ 18 O-H 2 O values of less than -10 ‰, typical for a high elevation watershed (Kendall and Coplen, 2001 ). Values lower than -10 ‰ are observed in the Ripon City Well 12, CRW-1, CRW-1D, CRW-2D, and CRW-3. The City Well site is located approximately 1.8 miles north of the Stanislaus River. It is not known whether the low δ 18 O-H 2 O values reflect direct recharge from the river. There are extensive orchards near the study area that may receive irrigation canal water from the Stanislaus River, leading to recharge of the imported water in this area. Recharge ponds located approximately 1.7 miles to the south may also contribute to the presence of imported water in the aquifer.
Pond recharge generally has a distinct evaporated isotopic signature, however, and such a signature is not observed in the production or monitoring well groundwater samples.
Shallow monitoring wells from the RFS plant have δ 18 O-H 2 O of greater than -10 ‰ ( Figure 5 ), much closer to the expected value of local precipitation of -8 ‰. As shown in Figure 4, 
GROUNDWATER AGE
A total of 16 tritium/helium-3 age determinations were made on 9 of the 10 wells sampled at Ripon. Tritium activities, helium isotopic compositions, and noble gas concentrations are shown in Table 3 . Apparent groundwater ages with propagated analytical uncertainties are shown in Table 4 and Figure 6 . Note that the propagated analytical uncertainties are based on a simple piston flow model with no dispersion. A noble gas sample was not collected from well CRW-3 due to sampling issues, but its 3 H content (9.3 pCi/L) is similar to nearby wells with similar screen depths (CRW-2 and MW-104). It was not possible to calculate recharge temperatures or excess neon (ΔNe), a measure of excess air, from wells MW-104, CRW-4, CRW-5, or the Oct. 8 sample from City Well 12 due to air bubble formation during sampling. Air bubbles cause fractionation of the dissolved gas, whereby heavier gases are retained relative to lighter gases. The 3 He/ 4 He ratio is not significantly affected (Solomon et al., 1995) , which allows calculation an apparent age for these samples. In the case of the monitoring wells, air bubbles were likely caused by the inertial pumping procedure. For the Oct. 8 sample from City Well 12, we speculate that air bubbles may have formed due to the depth-specific sampling procedure.
MIXING BETWEEN OLD AND YOUNG GROUNDWATER
The reported tritium/helium-3 age is the mean apparent age of the portion of the sample that contains tritium above the detection limit, which generally corresponds to water recharged after 1950 (roughly the beginning of atmospheric nuclear weapons testing). Water recharging before about 1950 will not contain measurable tritium today and is referred to as "pre-modern" water. A rough estimate of the mixing ratio between "modern" water and "pre-modern" water can be determined by comparing the calculated initial 3 H in a groundwater sample (which is calculated by summing measured 3 H and tritiogenic 3 He) with the 3 H in precipitation at the time and location of recharge. The International Atomic Energy Agency (IAEA) has operated the Global Network of Isotopes in Precipitation (GNIP) to document tritium in precipitation for several decades (International Atomic Energy Agency, 2010) (Figure 7) . If one assumes 'piston flow' of groundwater, the percentage of pre-modern water is calculated by comparing the calculated initial tritium activity in the groundwater sample to IAEA precipitation tritium activity in the calculated recharge year, and assuming that the difference is due to simple binary linear mixing between tritium-containing modern water and tritium-dead pre-modern water.
The pre-modern fractions calculated in this study are subject to a number of uncertainties and should be considered semi-quantitative. We calculated initial tritium activity for local precipitation based on an exponential curve that is fit to the observed IAEA GNIP precipitation data collected from the Portland station between 1965 and 2002 ( Figure 7 ). This curve fitting procedure results in smoothing of the IAEA GNIP precipitation data, and estimation of the fitting parameters introduces uncertainty in the final estimation of percent pre-modern. For example, Cook and Bohlke (2000) have shown that such a fitting procedure can result in overestimation of the fraction pre-modern water in a sampled groundwater for recharge during or immediately following the early 1960s peak in atmospheric nuclear weapons testing. Figure 7 shows the annualized tritium activity data for Portland precipitation, the exponential curve fit to Portland precipitation after 1963, and the Ripon groundwater initial tritium values. Also shown for comparison in Figure 7 are precipitation data from the Santa Maria, California site (the California GNIP site with the longest and most continuous record) and from the Ottawa, Canada site (the North American GNIP site with the longest and most continuous pre-1963 precipitation record).
Results for wells:
At the Ripon field site, groundwaters from the shallow monitor wells contain predominantly modern water (i.e. less than 10% pre-modern water).
Groundwaters from the two deep monitor wells (CRW-1D and CRW-2D) contain large fractions of pre-modern water. Both deep groundwater monitor well samples also contain measurable tritium and must have a component of groundwater that recharged since 1950 (Table 4 ). The Ripon Farm Services Well is screened over the same interval as the as the deep monitor wells, and produces predominantly modern water. Three of the four composite samples from City Well 12 had apparent recharge dates between 1966 and 1968, and modeled fractions of pre-modern water of between 82 and 88%. One of the composite samples (collected 09/28/2008) had an older 3 H/ 3 He age and a 1960 mean apparent recharge date. Recharge dates that are near the bomb pulse peak of 1963 have high associated uncertainty, since mixtures of water from around the peak are strongly skewed toward peak values (Schlosser et al., 1989) . In depth-discrete samples of City Well 12, all screened intervals produce water with tritium concentrations that require a component of modern water. The sample from the upper screen had a somewhat younger age and smaller fraction pre-modern than samples from the deeper screens.
Even with the uncertainties in the estimation of pre-modern water discussed above, and the dynamic nature of the flow system around a high capacity production well, it is clear that City Well 12 produces predominantly pre-modern water, with only a small component of water recharged within the last 50 years. The fraction of modern recharge in City Well 12 is small (10-20 %), and may be variable. The small fraction of modern water is required by the presence of tritium in all of the Well 12 samples, the 3 H/ 3 He ages of these samples, and the small amounts of tritiogenic 3 He relative to tritium present in precipitation during the range of apparent recharge years.
SUMMARY OF TRITIUM/HELIUM-3 DATA
Wells sampled in this study fall into three age/screen depth groups. Clear differences are observed even after taking into account the increased uncertainty in determining age and mixing ratio for samples with significant components of groundwater recharging immediately before, during or after the peak of atmospheric nuclear weapons testing. 1) Shallow monitoring wells (CRW-1, CRW-2, CRW-3, MW-104, CRW-4, and CRW-5) are screened between 20 and 40 feet BGS. These wells have apparent ages that range from 4 to 20 years with a median age of 6 years, and contain small fractions of pre-modern water (< 10%). CRW-5, located on the east side of the RFS plant, is the oldest well in this group.
2) Deep monitoring wells (CRW-1D and CRW-2D) and the RFS Production Well are screened between 150 and 185 feet BGS. Wells in this mid-depth group have apparent ages that range from 40 to 48 years. They produce water ranging from pre-dominantly modern (RFS Production Well) to predominantly pre-modern (CRW-1D) to having subequal proportions of both modern and pre-modern components (CRW-2D).
3) The deepest samples come from Ripon City Well 12, which is screened in four intervals from 165 to 326 feet BGS. City Well 12 was sampled four times at the spigot, and an additional four samples were collected at specific depth intervals corresponding to the depths of open screens in City Well 12. The four composite samples collected at the City Well 12 spigot show little variation, with apparent ages between 41 and 49 years. The shallowest sample from the depth-specific samples has an apparent age of 39 years, while samples from the bottom three depths have nearly identical ages from 52 to 53 years. Spigot samples contain 80-90% premodern water, which appears to be a smaller fraction than found in the three deeper depth intervals and a larger fraction than found in the shallowest depth interval, a pattern similar to that for groundwater age.
MIXING MODEL -CHOICE OF END-MEMBERS
The simplest model for the source of water and nitrate in Ripon City Well 12 is binary mixing between a modern water component containing elevated concentrations of nitrate, and a premodern component containing "background" or ambient concentrations of nitrate. In the following sections, we argue that measured nitrate concentrations and isotopic compositions, water isotopic compositions, and groundwater ages and mixing ratios estimated from the tritium and noble gas data all support such a model.
Reasonable choices for end-members for background water and a contaminant source can be made based on measured nitrate concentrations and isotopic compositions (especially δ 18 O-NO 3 ) in monitoring well groundwater samples. A background concentration for nitrate was chosen based on monitoring well CRW-1, which produces groundwater with 12 mg/L nitrate (as NO 3 ) . The Ripon field site is on the edge of the Ripon urban area and adjacent to land used predominantly for agriculture. The USGS National Aquifer Water Quality Assessment (NAWQA) has investigated groundwater nitrate concentrations for different land uses in representative aquifer systems across the conterminous United States. The nitrate concentration of 12 mg/L chosen as an end-member for this study site is consistent with median concentrations of nitrate in shallow groundwaters underlying agricultural land (15 mg/L) and urban land (7 mg/L) in the national NAWQA dataset (Nolan and Stoner, 2000) . The Ripon site background concentration is also consistent with nitrate concentrations in groundwaters near Modesto, CA, which contain up to 17 mg/L under agricultural lands and much lower nitrate concentrations under urban areas (Burow et al., 2008) . Ripon is close to Modesto (~10 miles), and is in the same watershed and groundwater basin, with groundwaters that will be regionally affected by the same agricultural practices and hydrogeologic conditions. The background end-member nitrate concentration chosen is significantly higher than the upper bound estimate of nitrate concentration in shallow groundwaters underlying undeveloped land (4.9 mg/L) (Nolan and Hitt, 2003) , and likely includes both anthropogenic (e.g. irrigated agriculture) and non-anthropogenic regional sources of nitrate to the aquifer. Nitrate concentrations and isotopic compositions estimated for the contaminant end-member, therefore, will apply to a non-regional anthropogenic nitrate source.
The δ
18 O-NO 3 value of background nitrate (0.9 ‰) was chosen based on the expected value for nitrification in the presence of water having a δ The groundwater below the Ripon Farm Services Plant was the only contaminant source characterized by samples from this study. We use monitoring well CRW-4, which is located on the RFS plant and had the highest nitrate concentration (>1700 mg/L as NO 3 ) observed during the study, as an end-member for contaminant source nitrate concentration and δ 18 O-NO 3 . Such high concentrations of nitrate in shallow groundwater are not typically observed in association with common sources of groundwater nitrate contamination, such as irrigated agriculture returns, field-applied dairy wastewater, or septic system discharge (Burow et al., 2008; Van Der Schans et al., 2009 ).
MIXING MODEL -COMPOSITE CALCULATIONS
The results of mixing calculations for composite "spigot" samples from the City of Ripon production well as based on the above end-members, are listed in Table 5 . If we constrain the mixing fraction of source water based on mass balance of nitrate concentrations, the average nitrate concentration in City Well 12 requires that 2.5% water in City Well 12 comes from the contaminant source. Alternatively, if we use the nitrogen and oxygen isotope compositions of nitrate to constrain the mixing calculations (Figure 8 ), the highest δ 18 O-NO 3 value observed in City Well 12 (7 ‰) requires that 1% of the water in City Well 12 come from the contaminant end-member. Varying the δ 18 O-NO 3 value of the background end-member within the values expected for nitrification at this site does not significantly change the percentage of water required from the contaminant end member. Both methods are consistent in indicating that there is a small fraction of water from a very high nitrate concentration source captured by City Well 12.
The calculated amounts of modern and pre-modern water are also consistent with these mixing calculations. The average percentage of pre-modern water in City Well 12 is 86%, or 14% modern water. From this fraction of modern water, we can back-calculate the minimum nitrate concentration needed to produce the observed average nitrate concentrations in City Well 12. If 14% of the water in City Well 12 came from a contaminant source, that source would need to have a nitrate concentration of at least 320 mg/L to produce the observed nitrate concentrations in the well. This assumes that all of the modern water came from the contaminant source. If in addition, some of the modern water comes from non-contaminated sources, as seems likely, then the contamination source would need to have an even higher concentration than 320 mg/L. Nitrate concentrations significantly higher than this are observed in young shallow groundwater underlying the RFS plant.
MIXING MODEL -MULTI-LEVEL CALCULATIONS
Another method of examining mixed sources uses the dynamic flow data and depth-specific sample results from the October 7-8, 2008 multi-level sampling of Ripon City Well 12. This approach to calculating incremental concentrations at each of the sample intervals is described in Izbicki et al. (1999; and Landon et al. (2009) In order to determine incremental concentrations, the differences between cumulative concentrations need to be larger than the measurement errors, and in the case of Ripon City Well 12 the variations in several conservative constituents (Cl, NO 3 , δ 18 O, δD, and age) over the lowest three intervals are quite small. By treating the three lower levels as one interval (using the cumulative values at 220' for flow and concentration) and the shallowest sample as another interval, the incremental values for the uppermost interval would be: Without more extensive modeling and more accurate measurements of cumulative and incremental flow, the multi-level data are difficult to interpret. Perhaps the most useful observation to come out of the multi-level sampling, however, is that produced water from deeper screens in Ripon City Well 12 has slightly higher nitrate concentration and significantly higher δ 18 O-NO 3 than the shallowest screened interval or than bulk produced water. This observation is significant in identifying the source of additional anthropogenic nitrate to the municipal well. Given the correspondence between the δ 18 O-NO 3 signature observed in RFS wells with that observed in the lower intervals of Well 12, the inferred transport path is from an area on the RFS plant where fertilizer is released to the aquifer without being cycled through soil or plants, moving down to deeper portions of the aquifer and laterally to the lower zones captured by Well 12.
Conclusions
Sampling Methodology: Three methods were used to sample groundwater at the Ripon field site: spigot sampling of active production wells, inertial pumping (Watera) of monitoring wells, and multi-level sampling of the municipal production well. Neither the inertial sampling nor multi-level sampling reliably recovered samples that quantitatively retained dissolved noble gases heavier than helium. As a result, the ability to determine excess nitrogen, excess air, and recharge temperature in these samples may have been compromised. The determination of tritium and tritiogenic helium-3 was not compromised, allowing the calculation of groundwater apparent ages and mixing ratios with pre-modern water. Whether these sampling issues are intrinsic to the pumping method or are artifacts of well construction or of sample collection is not known.
Nitrate transport: Groundwater nitrate at this field site is not being actively denitrified. Groundwater parameters indicate oxic conditions, the dissolved gas data shows no evidence for excess nitrogen as the result of denitrification, and nitrate-N and -O isotopics do not display patterns typical of denitrification.
Contaminant nitrate source:
The ambient nitrate concentration in shallow groundwater in the area near Ripon City Well 12 (~12 mg/L nitrate as NO 3 ) is typical of shallow groundwaters affected by recharge from agricultural and urban areas, i.e. groundwaters that contain both natural and anthropogenic nitrate (Nolan and Stoner, 2000) . Nitrate concentrations in Ripon City Well 12 (50-58 mg/L nitrate as NO 3 ) are significantly higher than these ambient concentrations, indicating that an additional source of anthropogenic nitrate is affecting groundwater in the capture zone of this municipal drinking water well. This study provides two new pieces of evidence that the Ripon Farm Services Plant is the source of elevated nitrate in Ripon City Well 12.
1) Mass balance calculations using nitrate concentration, nitrate isotopic composition, and initial tritium activity all indicate that that the source water for elevated nitrate to Ripon City Well 12 is a small component of water produced by City Well 12 and thus must have an extremely high nitrate concentration. The high source water nitrate concentration (~1500 mg/L nitrate as NO 3 ) required by these mass balance calculations precludes common sources of nitrate such as irrigated agriculture, dairy wastewater, and septic discharge. Shallow groundwater under the RFS plant does contain extremely high concentrations of nitrate (>1700 mg/L nitrate as NO 3 ).
2) Nitrate isotopic analyses indicate that the additional anthropogenic nitrate source to Ripon City Well 12 is significantly enriched in δ 18 O-NO 3 , an isotopic signature consistent with synthetic nitrate fertilizer, and not with human or animal wastewater (from dairy operations, septic system discharge, or municipal wastewater discharge), or with organic or ammonium fertilizer. Monitoring wells on the RFS plant also have high δ 18 O-NO 3 nitrate, and the site has stored synthetic nitrate fertilizer that will have this isotopic signature.
The results described here also highlight the complexity of source attribution for nitrate in long screened, high capacity production wells. Depth-specific sampling of the Ripon City Well 12 combined with the use of multiple isotopic tracer methods supports the identification of Ripon Farm Services as the source of high nitrate to the well. 
